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Background: SH2 domains have a fundamental role in signal transduction.
These domains interact with proteins containing phosphorylated tyrosine
residues and, in doing so, mediate the interactions of proteins involved in
tyrosine kinase signalling. The issue of specificity in SH2 domain interactions is
therefore of great interest in terms of understanding tyrosine kinase signal-
transduction pathways and in the discovery of drugs to inhibit them. Water
molecules are found at the interfaces of many complexes, however, to date little
attention has been paid to their role in dictating specificity.
Results: Here we use a combination of nanoflow electrospray ionization mass
spectrometry (ESI-MS), isothermal titration calorimetry and structural data to
investigate the effect of water molecules in complexes formed between the
SH2 domain of tyrosine kinase Src and tyrosyl phosphopeptides. Binding
studies have been performed using a series of different peptides that were
selected to allow changes in the water content at the complex interface and
demonstrate changes in specificity. ESI-MS enables quantification of the
number of water molecules that interact with a higher affinity than those
generally found solvating the biomolecular complex.
Conclusions: Comparing the interactions of different peptides, we show that
an intricate network of water molecules have a key role in dictating specificity.
The use of mass spectrometry to quantify tightly bound water molecules may
prove of general use in structural biology, where an independent determination
of the water molecules associated with a structure would be advantageous.
Furthermore, the ability to assess whether given water molecules are important
in high-affinity binding could make this method a precious tool in drug design.
Introduction
The inclusion of water molecules occurs at many biomole-
cular interfaces. The role of these water molecules is
poorly understood and somewhat enigmatic. There is an
entropic cost associated with restricting these water mole-
cules into the space between two biological macromole-
cules. Indeed, it has been demonstrated that replacing
water molecules at a biomolecular interface by other chem-
ical moieties can lead to a significant improvement in
binding affinity (as has been demonstrated in some drug
design programs, for example, those involving the design
of HIV protease inhibitors [1], glycogen phosphorylases [2]
and FKBP–FK506 (FKBP, FK506-binding protein) [3].
This is not always the case, however [4–6], as some water
molecules appear to be able to make a favourable contri-
bution to the free energy of binding by optimizing the
enthalpy derived from hydrogen bonding at the interface
[7]. These water molecules are able to interact at the
interface such that they are tightly bound and hence
appear to contribute to the specificity of the interaction.
Determination of the binding characteristics of water mole-
cules at different biomolecular interfaces is, therefore,
clearly important in understanding biological processes.
Furthermore, knowing the contribution to the overall free
energy of binding of a given water molecule will improve
drug design strategies by indicating which water molecules
can be replaced and which are crucial to binding.
Here we investigate the role of water molecules in deter-
mining the specificity of an interaction. For this purpose we
adopt the binding of the SH2 domain from the tyrosine
kinase Src with tyrosyl phosphopeptides as a model system.
Several criteria make this system ideal for this investigation.
Firstly, the Src SH2 domain binds a range of tyrosyl phos-
phorylated peptides in a specific or nonspecific manner as
detailed below. Secondly, the X-ray crystallographically
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determined structures of the apo SH2 domain and the SH2
domain in complex with different peptides have been
reported [8–10] and, furthermore, water molecules have
been identified in the binding site of these high-resolution
structures. Thirdly, there is no significant conformational
change in the SH2 domain on binding of a peptide (the
root mean square [rms] deviation for Cα positions is
0.5 Å), thus the measured thermodynamic parameters on
forming a complex will predominantly result from changes
in the peptide and water. SH2 domains play their fun-
damental role in intracellular signal transduction by inter-
acting with proteins containing phosphorylated tyrosine
residues (pTyr) and hence mediating interactions of pro-
teins in tyrosine kinase signalling. SH2 domains contribute
to pathways leading to a number of cell responses and aber-
rancy in these pathways has been shown to result in, for
example, deficiencies in the immune system and glucose
metabolism as well as in the development of some forms of
cancer. For this reason SH2 domains have been a focus for
drug development. In many cell types several proteins con-
taining SH2 domains are found, thus raising the question as
to how these domains maintain their mutual exclusivity
avoiding the initiation of errant pathways.
In vivo inhibition of SH2-domain-mediated signalling path-
ways by tyrosyl phosphopeptides suggested that these pep-
tides could form suitable mimics of protein ligands. The
issue of specificity in SH2 domain binding has thus been
addressed in a range of peptide-based studies. Screening of
SH2 domains with libraries of random phosphopeptides
suggested that the residues proximal and C-terminal to
pTyr were important in defining the specificity [11]. These
studies showed that Src SH2 domains bind specifically to
peptides containing the sequence pTyr-Glu-Glu-Ile. The
interaction of the pTyr residue is invariant in all known
structures of Src SH2 domains in complex with tyrosyl
phosphopeptides: the pTyr residue binds within a posi-
tively charged pocket of the SH2 domain formed by the αA
helix, the βB and βD strands and the BC loop (Figure 1).
The isoleucine residue (in the pTyr+3 position) interacts
with a deep, largely hydrophobic pocket formed by the αB
helix, the βD strand and the EF and BG loops in the SH2
domain [9]. Thus the specific peptide binds in a manner
previously likened to a ‘two-pronged plug’ whereby the
pTyr and the isoleucine residues constitute the prongs. As
well as investigating the binding of a peptide with this
motif to the Src SH2 domain, we address the issue of speci-
ficity of the pTyr+3 position in binding studies using pep-
tides with either a valine or glutamate residue substituted at
this site. In the X-ray crystal structure four water molecules
are seen to mediate the interaction of the SH2 domain and
the residues C-terminal of the pTyr in the specific peptide.
All of these water molecules are involved in a hydrogen
bond linked network between the protein and the gluta-
mate residues of the peptide. No water molecules are found
in the pTyr or the pTyr+3 pockets in the complex.
The Src protein kinase can adopt an inactive form which
results when a tyrosine residue in the C-terminal region
of the protein is phosphorylated (pTyr527). X-ray crystal-
lographic data [10] reveals that pTyr527 is involved in
an intramolecular interaction with the SH2 domain that
results in loss of kinase activity. Binding of a specific
tyrosyl-phosphorylated ligand to the SH2 domain blocks
the ‘nonspecific’ C-terminal interaction leading to recov-
ery of Src kinase activity. This nonspecific interaction can
be mimicked by a peptide containing the amino acid
sequence proximal to pTyr527 (pTyr-Gln-Pro-Gly). The
glycine residue in the pTyr+3 position is unable to pene-
trate the pocket occupied by the isoleucine in the specific
interaction, resulting in a lower binding affinity. The X-ray
crystallographic data suggest that the water content of this
complex is different to that of the specific peptide interac-
tion (there are six water molecules in the binding site C-ter-
minal to the pTyr).
In this study we have used nanoflow electrospray ioniza-
tion mass spectrometry (ESI-MS) and isothermal titration
calorimetry (ITC) to quantify and thermodynamically
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Figure 1
Diagram of an SH2 domain (purple ribbon) with a specific peptide
bound (residues pTyr-Glu-Glu-Ile; green). The nomenclature for the α
helices, β sheets and loops are shown in yellow.
characterize interacting water molecules. These results
have been correlated with X-ray structural data to investi-
gate the role of these water molecules at a protein–ligand
interface. Although ESI-MS is becoming widely utilized in
the study of protein–ligand interactions [12], its use in the
determination of the presence of water molecules has
largely been neglected. This is due, in part, to the difficul-
ties in retaining water molecules in the gas phase, but also
to the problem of distinguishing between water molecules
bound specifically in a ligand-binding site and those that
are present as a result of incomplete desolvation of the
electrospray protein droplet [13]. Water molecules will be
bound to a protein with differing affinities, depending on
the number and strength of hydrogen bonds that they are
able to make. Typically water molecules at a protein–ligand
interface will form at least three hydrogen bonds [14], and
are generally more tightly bound than other water mole-
cules that interact with the protein surface. In conven-
tional ESI-MS, microdroplets containing protein and water
molecules are effectively desolvated either thermally or
by collision with drying gas molecules. In the nanoflow
electrospray method employed here the droplet is signifi-
cantly smaller, requiring a lower minimum energy for desol-
vation. Under these ‘gentler’ conditions we are able to
observe a series of mass peaks that are higher than the mass
of the protein or the complex, and which are separated by
multiples of approximately 18 Da. In the absence of any
contaminant of similar mass, these peaks can be assigned as
water. When a series of peaks are detected, representing
the possibility of different numbers of water molecules
present, the relative intensity of the peaks is related to the
probability of finding that number of water molecules
present. The ESI-MS data cannot provide information as to
where the bound water molecules are interacting within the
complex, however, as for the majority of systems, the tight-
est bound molecules will be in the binding site and it is
likely that it is these that are detected.
The combination of ESI-MS, calorimetry and data from
X-ray crystallography has enabled us to determine the
effect of water in binding and has revealed the role of an
intricate network of water molecules and hydrogen bonding
at the SH2 domain–peptide interface. This network con-
tributes significantly to binding and, indeed, seems to be a
requirement for high-affinity interactions.
Results and discussion
Water molecules associated with the unbound Src SH2
domain and peptides
Mass spectra record the population of molecules in the
gas phase over the time between spraying and detection.
During the electrospray process, the more dynamic water
molecules are therefore unlikely to survive the evapora-
tion process and be trapped at the interface for sufficient
time to be detected. ESI-MS data for the unfolded SH2
domain provides a useful control for specifically bound
water molecules. As expected in the absence of specific
sites in the denatured protein, no significant peaks
associated with bound water molecules were observed
(Figure 2a). The observation of a few low-intensity water
bound species detected by ESI-MS is consistent with a low
temporal occupancy of most of the water molecules in the
unbound SH2 domain. Under the nanoflow ESI-MS condi-
tions adopted here, three water molecules appear capable of
prevailing with the native SH2 domain, although the most
intense peak results from just one bound water molecule
(Figures 2b and 3). This observation suggests that the
unbound SH2 domain provides some sites where water
molecules are able to bind significantly more tightly than
others, which are presumably evaporated from the droplet
prior to detection. As the ESI-MS data cannot be used to
locate the position of water molecules, structural data is
required to assess where these water molecules might be
bound. The crystal structure of the apo SH2 domain
(refined to 2.5 Å [9]) shows that the region of the domain
that constitutes the binding site for the C-terminal residues
of the peptide contains up to eight water molecules
(Figure 4). Most of these, however, make only weak hydro-
gen-bonding interactions and their temporal occupancy is
expected to be low. Only three of these water molecules
appear capable of being orientated so as to make three or
more hydrogen bonds within the binding site: A1, A2 and
A3 (water A4 is able to make four hydrogen bonds but these
are all greater than 3.4 Å and hence it is not likely to be as
strongly bound as the other water molecules). The structure
can be probed using the GRID program [15] to give a theo-
retical value for putting a water molecule in a given site.
This analysis demonstrates that the peptide-binding site of
the domain provides the most energetically favourable posi-
tions for water molecules. No position in the SH2 domain
outside the binding site has a lower potential energy for
water binding. One water molecule (A1) is capable of a very
strong interaction in the binding site and, under the condi-
tions of the ESI-MS experiment, this water molecule could
be that giving rise to the major peak in the gas phase.
ESI-MS analysis of the specific free peptides shows that
water molecules do not make tight interactions with the
isolated peptides (data not shown). Nuclear magnetic res-
onance (NMR) spectroscopic studies of the free peptides
suggests that they are unstructured (JEL unpublished
data). The differences in polar and nonpolar surface areas
of the different peptides studied are comparatively small
as, apart for the C-terminal peptide, only one residue is
changed. Thus these peptides are likely to interact with
aqueous solvent in a similar manner to one another.
The specific Src SH2 domain–tyrosyl phosphopeptide
complex
The specific interaction of the peptide containing the
sequence pTyr-Glu-Glu-Ile at 25°C has a KB of 10.8 × 106 M–1
(KD = 0.1 µM). This is slightly stronger than the same
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interaction previously reported at pH 7.0 [16] and for
shorter pTyr-based peptides at pH 8.0 [17].
The mass spectrum of a 1:1 mixture of the Src SH2
domain with the specific peptides shows that the major
species corresponds to the complex (Figure 2c). This
observation demonstrates that the complex is remarkably
stable in the gas phase. The fact that very little dissociation
occurs may be attributed to the increased strength of ionic
interactions in the gas phase in the absence of dielectric
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Figure 2
The nanoflow ESI mass spectra of the Src SH2 domain samples at
25°C. Insets show the major mass/charge peaks on an expanded
scale to emphasize peaks attributed to the SH2 domain (with or
without bound peptide) and the accompanying water molecules
(where appropriate). (a) The unfolded protein at pH 2.0; ‘u’ designates
peaks from the SH2 domain (mass 12,298.68 ± 0.90 Da). The inset
represents the +14 charge state of the protein. The low-intensity peak
(v14; mass 12,329.13 ± 0.31 Da) observed in the inset could reveal
the presence of water (or possibly sodium) on the unfolded SH2
domain, however, the relative intensity of this is very low. The spectrum
is typical of a denatured protein with a large number of peaks (from +7
to +17) corresponding to an increased number of charged states. (b)
The apo SH2 domain (12,300.15 ± 0.61 Da). The inset represents the
expanded spectrum with ‘b’ and ‘d’ corresponding in mass to the
protein associated with one and three water molecules, respectively
(12,319.65 ± 0.70 Da, 12,354.87 ± 0.20 Da). Less than 6% of the
protein appears as dimer ‘e’ in the gas phase (24,599 ± 1.35 Da). (c)
An equimolar mixture of the apo SH2 domain and the specific binding
peptide, ‘f’ represents 1:1 complexed species (13,773.09 ± 0.49 Da);
‘i’ corresponds in mass to the complex binding to three water
molecules and is the most stable water-bound species (13,827.23 ±
0.45 Da). Component ‘a’ corresponds to a small amount of free protein
in the gas phase (12,298.61 ± 0.67 Da) and ‘j’ corresponds to a small
amount of the complex with nonspecific attachment of a second
peptide to the SH2 domain. (d) An equimolar mixture of the apo SH2
domain and the C-terminal peptide. The water-free complex is
represented by ‘k’ (13,614.02 ± 0.60 Da), and ‘l’, ‘m’ and ‘n’
correspond in mass to water-bound species (13,631.53 ± 0.91 Da,
13,650.96 ± 0.65 Da and 13,667.05 ± 0.94 Da, respectively).
solvents (i.e. between the pTyr of the peptides and the
ionic binding pocket). Indeed, as this is the dominant
interaction in the gas phase, and all the peptides are
capable of making this interaction, the amounts of com-
plexed protein will be similar in each case (as observed in
Figure 2). Of the ESI-MS peaks associated with water-
containing species, the largest indicates that an average of
three water molecules are associated with the complex
(this peak is 55.8 ± 9.2% of the total apo SH2; Figures 2c
and 3). There is clearly a difference in distribution of the
bound water molecule peaks for the complex compared to
apo SH2 suggesting that this is the result of peptide
binding. Furthermore, as there are no significant structural
changes of the SH2 domain between the free and bound
states, the changes in intensity of the higher mass peaks
observed by ESI-MS are likely to result from water mole-
cules being incorporated into the binding site.
The X-ray crystallographic structure shows that four
water molecules are bound at the SH2–peptide interface
(Figure 5a). One of these water molecules (S4) is likely to
make significantly weaker interactions than the other
three because, although it is able to make three hydrogen
bonds (Table 1; Figure 5a) two of these are to the very
termini of amino acid sidechains (to Oε2 Glu+2 of the
peptide and NHε2 Arg βD′1 of the SH2 domain). The
crystallographic temperature (B) factors of the terminal
atoms of these sidechains are relatively high, suggesting
that interactions with this water molecule will be adversely
affected by their dynamic state.
By way of trying to further assess the binding of water
molecules to the SH2 domain–peptide interface, the B
factors of the oxygen atoms of water molecules could
potentially provide additional information on the dynamic
nature of water molecules observed in the X-ray crystal
structures. Structural data, however, suggests that conclu-
sions drawn from these data can be misleading and at best
qualitative. We have found that the oxygen atoms of water
molecules can have low B factors, as observed in the case
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Figure 3
ESI-MS data for the binding of water molecules to the Src apo SH2
domain  and complexes of SH2 domains with tyrosyl
phosphopeptides. These data represent the average of at least three
individual spectra and are reported with the appropriate standard
deviation (n–1). The columns represent the size of the ESI-MS peak for
the mass of the SH2 domain and one to five water molecules (in
ascending order) normalized as a percentage of the peak associated
with the free SH2 domain.
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Schematic diagram of the binding site of the Src apo SH2 domain.
The amino acid residues and water molecules observed in the X-ray
crystal structures are shown. Distances between amino acids and
water molecules (in Å) are indicated (as based on coordinates from the
X-ray crystal structure [9]). These distances give an indication of the
likely positioning of hydrogen bonds in the structure.
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of water molecules at the Src SH2 domain–peptide inter-
face, but those of the surrounding atoms can be signifi-
cantly higher, suggesting that the binding site is highly
mobile. Equally a water molecule interacting with atoms
forming a rigid binding site with correspondingly very low
B factors can have a high B factor itself. There is no effi-
cient way of normalising these model-dependent terms
with respect to one another, thus there is no accurate way
of saying how dynamic a water molecule is with respect to
the environment in which it resides.
The X-ray crystallographic data for apo SH2 and the spe-
cific peptide–SH2 domain complex suggest that the one
tightly, and two slightly less tightly bound water mole-
cules present in the unbound state, become three tightly
bound water molecules in the final bound state. This
change in the pattern of water association is reflected by
the ESI-MS data. Both techniques, therefore, support the
view that there is little change in the net water content
of the binding site, but rather a rearrangement in the size
and strength of hydrogen bonds. Further corroboration of
this is derived from calorimetric data (Table 2) which
show that at 25°C the interaction is dominated by a
favourable enthalpic contribution to free energy (∆H)
with little change in entropy (∆S). This suggests that the
interaction at this temperature is largely the result of the
formation of noncovalent bonds (giving rise to the ∆H)
and not due to a change in the water content at the
binding site (which is generally reflected in a significant
favourable ∆S), and is consistent with water being retained
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(a) (b)
Schematic diagram of the binding site of the Src SH2 domain. The
SH2 domain with (a) bound specific tyrosyl phosphopeptide and (b)
bound nonspecific C-terminal tyrosyl phosphopeptide. The amino acid
residues and water molecules observed in the X-ray crystal structures
are shown. Distances between amino acids and water molecules (in Å)
are indicated (as based on coordinates from the X-ray crystal
structures [8,9]). These distances give an indication of the likely
positioning of hydrogen bonds in the structure.
in formation of the complex. The hydrogen-bonding
interactions observed in the crystal structures support this
view further as at least one water molecule from the apo
structure is clearly retained at the interface between the
SH2 domain and the peptide. Water molecule A3 donates
hydrogen bonds to both O Ile of βE4 and to O Lys of βD6
in the apo structure and makes these same interactions in
the complex with the specific peptide (Figures 4 and 5a;
Table 1). This water molecule (S1) becomes the most
tightly bound water molecule at the interface.
The complex between Src SH2 and variants of the specific
peptide
To assess the specificity conferred by the residue in the
pTyr+3 position of the peptide in the Src SH2 domain
interaction, titrations were performed with tyrosyl phospho-
peptides with different residues in this position (Val3 and
Glu3). Despite the differences in the residues, the specific
peptide with the isoleucine residue in the pTyr+3 position
binds only twice as tightly as the lowest affinity peptide
(with glutamate at position pTyr+3), suggesting that the
pTyr+3 pocket of the SH2 domain provides little in terms
of specific contacts. The ESI-MS data shows that the distri-
bution of water molecules in the various complexes remains
closely similar. In all cases, three water molecules appear to
be most tightly bound (Figure 3). This is likely to be a
result of the maintenance of the glutamate residues at the
pTyr+1 and +2 positions in the peptide, which are seen to
be required to interact with water molecules in the specific
peptide complex structure (Figure 5a).
The promiscuity of the pocket is reflected in an enthalpy-
entropy compensation effect (Table 2). The Gibbs free
energy for the interaction of all the peptides is derived
mainly from the enthalpic contribution from noncovalent
bond formation. This has been observed in most of the
reported binding studies on SH2 domain–peptide interac-
tions [16–21]. As mentioned above, the peptides have a
similar hydrophobic surface area and hence similar shells
of ordered water molecules, so the burial of this surface on
binding will contribute approximately equally to the posi-
tive ∆S observed for all the peptides. The differences
observed in the entropic contribution between the indi-
vidual peptides, however, could result from the differ-
ences in loss of the degrees of freedom of the sidechains
in the pTyr+3 pocket. This is reflected in the observation
that the isoleucine- and glutamate-substituted peptides
are able to make more noncovalent (van der Waals and
dispersion through hydrophobic moieties) interactions in
the pocket (resulting in a more favourable ∆H), but pay
the entropic cost for restriction of configurational degrees
of freedom at the interface. Valine makes less interactions
resulting in a more favourable entropy. Indeed, these data
could indicate that the inability of the valine to penetrate
deeply into the binding pocket results in the interaction
being more mobile, as was observed by NMR for a glycine
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Table 1
Hydrogen bonding of water molecules.
Water Bond* Bond Donor/ Energy
length (Å) acceptor† (kJ mol–1)
SH2 domain apo structure‡
A1 Oη Tyr αB9 2.74 D –19.2
A1 HN Thr EF1 2.05 A –16.5
A1 O Thr βF1 2.88 D –15.7
A1 HN Ile EF2 1.93 A –6.9
A1 Total§ –76.0
A2 O Asp BG2 2.97 D –20.6
A2 HOη Tyr αB9 1.94 A –16.2
A2 Oγ Thr EF1 3.02 D –7.0
A2 HOγ Thr βF1 2.63 A –3.3
A2 Total§ –57.0
A3 O Ile βE4 3.12 D –16.1
A3 O Lys βD6 2.92 D –9.9
A3 HNε Arg βD′1 2.28 A –6.0
A3 Total§ –44.2
A4 Total§ –28.3
A5 Total§ –25.8
A6 Total§ –21.3
A7 Total§ –21.3
A8 Total§ –12.3
Src SH2 domain–specific peptide complex
S1 O Lys βD6 2.72 D –19.9
S1 H2O S2 3.02 A –14.8
S1 O Ile βE4 3.26 D –14.4
S1 H2O S3 3.95 A –2.9
S1 Total§ –58.5
S2 H2O S1 3.02 D –15.7
S2 HN Lys βD6 2.32 A –12.5
S2 H2O S4 3.54 A –8.9
S2 O Glu+1 pep 2.59 D –3.3
S2 Total§ –54.5
S3 HN Ile pep 2.10 A –15.9
S3 O Ile βE4 2.81 D –7.1
S3 H2O S1 3.95 D –2.9
S3 Total§ –39.7
S4 Oε2 Glu pep 2.80 D –14.1
S4 H2O S2 3.54 D –8.9
S4 HNη2 Arg βD′1 2.74 A –6.4
S4 Total§ –36.5
Src SH2 domain–C-terminal peptide complex
T1 H2O T4 2.88 D –18.5
T1 H2O T2 2.90 D –18.0
T1 HNη Arg EF3 2.08 A –7.1
T1 HN Asn pep 2.71 A –6.5
T1 Total§ –61.1
T2 H2O T1 2.90 A –18.0
T2 Oγ Thr EF1 2.98 D –17.0
T2 O Gly pep 2.93 D –2.1
T2 Total§ –44.5
T3 O Gly BG3 2.99 D –15.9
T3 HOη Tyr βD5 3.73 A –11.8
T3 Total§ –39.8
T4 Total§ –15.8
T5 Total§ –14.5
T6 Total§ –13.7
*Hydrogen bonds made from water to moiety shown. The residues
from the peptide are given the abbreviation pep where the moiety
accepts a hydrogen bond. †The water is accepting (A) a hydrogen
bond from, or donating (D) a hydrogen bond to, the moiety shown in
the second column. ‡Details of individual hydrogen bonds are given for
the four tightest binding water molecules. The others are only weakly
associated with the SH2 domain and do not appear to have a
significant energetic effect on peptide binding. §The total energies for
the individual water molecules bound include all the contributions from
residues in the vicinity of binding including those of the major
contributions shown and other minor contributions not detailed; this
includes both electrostatic and Lennard–Jones potential energy.
residue in the pTyr+3 position when interacting with the
SH2 domain from Fyn [18].
The complex between Src SH2 and the C-terminal
nonspecific peptide
The interaction of the nonspecific C-terminal peptide is
significantly weaker than the interactions with the pTyr-
Glu-Glu-Xxx peptides described above (KB = 0.07 × 106 M–1;
KD = 14.3 µM). This value agrees well with that obtained
for the binding of the Fyn SH2 domain to a peptide based
on its intramolecular regulatory sequence, which is very
similar to that of Src [18]. The enthalpic contribution from
the C-terminal peptide interaction is much less favourable,
but the entropic contribution is similar to that of the spe-
cific peptide interaction (Table 2).
The distribution of water molecules derived from ESI-MS
analysis of the binding of the C-terminal peptide is very
different to that of the specific peptide and variants
thereof (Figure 3). Again, this is likely to be the effect of
water molecules in the SH2 binding site. There appear to
be as many as three water molecules prevailing under the
electrospray conditions, however, one appears more tightly
bound than the others. X-ray crystallographic data shows
that there are as many as six water molecules in the
binding site, however, only one of these (T1) is able to
make four strong hydrogen bonds (see Figure 5b). Indeed,
all the other water molecules in the refined structure
make three or less hydrogen bonds. Table 1 shows that
one water molecule interacts significantly more strongly
than the rest, suggesting that this is the water molecule
which predominates in the gas phase complex.
The basis for specificity in Src SH2 domain–peptide
interactions
No specificity is imposed by the interaction of the pTyr
residue as it is present in all the peptides (the KD of the
pTyr for the SH2 domain is in the order of millimolar;
JEL, unpublished data), thus the other residues C-termi-
nal to the pTyr make interactions that ultimately define
the relative affinity and specificity of a given peptide. As
is clearly seen in Figure 5, the interaction of the Src SH2
domain with peptides includes few significant direct inter-
actions. There are several weak van der Waals dispersion
interactions made in, and around, the +3 pocket when a
hydrophobic group is present in this position (all bond dis-
tances are greater than 3.5 Å). In the specific peptide
complex there are potentially seven interactions involving
CH–CH contacts between Ile3 and the SH2 domain. The-
oretically the potential energy for the formation of each of
these bonds is low (< –4 kJ mol–1), which means that the
total number of interactions with the pTyr+3 position is
less than observed for many of the water molecules at the
remainder of the interface (Table 1). Further to this there
is a series of weak, largely conserved interactions made
between Lys βD3 and Tyr βD5 of the SH2 domain and
the residue at the pTyr+1 position of the peptides. Never-
theless, these hydrogen bonds are not likely to be suffi-
cient to impose a high level of specificity as they are all
3.8 Å or greater in length (with the exception of one 3.5 Å
bond in the structure of the SH2 domain in complex with
the C-terminal peptide). One significant hydrogen bond
(between His βD4 and the peptide mainchain NH of the
pTyr+1 residue separated by 2.8–3.0 Å) is conserved in
the structures of the specific and nonspecific peptide com-
plexes and thus imposes no real specificity (Figure 5). In
the case of the C-terminal peptide complex the asparagine
residue in the +5 position of the peptide can make two
direct hydrogen bonds with the SH2 domain (with HNη
Arg at EF3 [position 3 in the EF loop] and O Gly at BG3
[position 3 in the BG loop]). Ironically, it therefore appears
that the lowest affinity interaction has the most direct
hydrogen bonds between peptide and SH2 domain.
Assuming that some level of specificity is a requirement
of these interactions, it would appear that specificity is
derived from a source other than direct protein–peptide
interactions (i.e. water-mediated interactions). ESI-MS
data suggest that tightly bound water molecules are
retained in forming the complex and although unequivo-
cal, the evidence that these waters are found in the
peptide-binding site is compelling. We suggest that it is
water that enables the SH2 domain to be promiscuous,
such that it can interact intimately with different pep-
tides, but it is also important in providing crucial interac-
tions trenchant in enabling the discrimination of peptides.
The specific and C-terminal peptides make three and
seven water-mediated interactions, respectively, with the
SH2 domain. In the specific peptide complex structure
(Figure 5a), however, a unique network of tightly bound
interlinked water molecules is observed in the βD–DE
loop to βE regions of the protein which interact with the
peptide via Glu+1 and Glu+2. This network is also likely
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Table 2
Thermodynamic parameters for the binding of the Src SH2
domain to tyrosyl phosphopeptides.
Peptide N KD KB ∆G ∆H T∆S
(µM) (10–6 M–1) (kJ mol–1) (kJ mol–1) (kJ mol–1)
pYEEI* 1.00 0.09 10.78 –40.1 –38.7 1.4
pYEEE* 1.00 0.21 4.87 –38.1 –32.7 5.4
pYEEV* 1.00 0.16 6.24 –38.8 –28.6 10.2
C term† 1.01 14.3 0.07 –27.7 –25.7 2.0
*The sequence of the specific peptides used was EPQ(pY)EEXPIYL
(in single-letter amino acid code), where X is varied. †The sequence of
the nonspecific C-terminal peptide was EPQ(pY)QPGEN. Values were
obtained at 25°C and pH 6.0 from isothermal titration calorimetry (ITC)
studies. ITC experiments were performed as described elsewhere
[20,27,28]. For buffer conditions see Materials and methods section. 
to be preserved in the pTyr-Glu-Glu-Xxx peptide inter-
actions, but not in the nonspecific peptide complex. On
the  basis of hydrogen-bonding conformation, at least one
of the four water molecules appears to be conserved from
the apo SH2 domain structure (A3 is equivalent to S1;
see Table 1).
Interestingly, Arg βD′1 has a pivotal role in acting as a scaf-
fold for the network of water molecules described above.
This arginine residue is highly conserved in the Src family
but is rarely found in other SH2 domains. This enhances
the idea that the specificity observed in Src family SH2
domains is potentially centered around this residue and,
as this residue makes no direct contact with the peptide,
the water molecules in the complex interface. Despite
their obvious importance, most of the interactions medi-
ated by water are with moieties on the peptide main-
chain. Only one water molecule, S4, makes contacts that
could be described as specific (with Oε2 Glu+2). Never-
theless, because this hydrogen bond is required to main-
tain the integrity of the water structure it is very important.
It appears, therefore, that the network of water molecules
acts as an extension of the protein structure which is able
to provide an exquisite way of ensuring that the correct
ligand is bound. It is the integrity of the position of the
water molecules that dictates the specificity of the interac-
tion; the binding of a peptide that cannot support the water
network binds with a significantly lower affinity (as seen in
the C-terminal peptide complex). Many potential peptide-
based ligands or drug compounds designed to inhibit the
two-pronged plug interaction with the Src SH2 domain
have been found to bind with unexpectedly low affinity.
This observation may now be explained in terms of this
water network: these compounds are likely to disrupt com-
ponents of the water-recognition site and hence bind with
low affinity [17,22–25].
Biological implications
Many cells contain proteins that include structurally
highly homologous SH2 domains. These domains have
an important role in signal transduction, mediating the
interactions of proteins involved in tyrosine kinase sig-
nalling. A plethora of studies have sought to answer the
question as to how the interactions that mediate signal-
transduction pathways emanating from these domains
maintain their mutual exclusivity and avoid ‘crossed-
lines’? The answer to this question is obviously centred
around understanding the determinants of specificity for
individual SH2 domains.
In vivo, aberrant tyrosine kinase signalling pathways
resulting from Src family SH2 domain interactions have
been implicated in a number of disease states. Thus,
investigation into how the specificity of these domain
interactions is imparted and the search for drug com-
pounds to inhibit these pathways has been intense (e.g.
[17, 22–26]). SH2 domains recognize ligands that have
phosphorylated tyrosine (pTyr) residues and specificity
has been reported to be induced by residues proximal
to this. Specific binding to the Src SH2 domain was
believed to require, in addition to the pTyr, an iso-
leucine residue in the pTyr+3 position. Changing the
residue in the pTyr+3 position of the peptide appears to
have little effect on the affinity of interaction with the
SH2 domain. A more substantial change in the peptide
residues, as in the ‘nonspecific’ binding of a peptide
based on the C-terminal intramolecular interaction,
leads to a more significant change in binding, however.
From crystal structures it is evident that the interface
between the SH2 domain and both specific and non-
specific peptides contains several water molecules,
therefore, it appeared that some level of specificity
could be imposed by their interactions. Using a combi-
nation of nanoflow electrospray ionization mass spec-
troscopy (ESI-MS) and isothermal titration calorimet-
ric techniques, we have investigated the role of water
molecules in dictating specificity. Data from these
techniques suggest that in the binding of a peptide
similar to the specific peptide but with substitutions in
the pTyr+3 position, the network of water molecules
which interact between the SH2 domain and the peptide
is likely to be retained. In the case of the nonspecific
peptide binding, however, although water mediates the
interaction the hydrogen-bonding network is disrupted.
We therefore suggest that the presence of water mole-
cules at the SH2 domain–peptide interface allows a
variety of peptides to bind, however, specific binding is
based on the favourable contribution from the addi-
tional hydrogen bonds obtained from the precise posi-
tioning of the water network. Thus, nature uses the
cooperative effect of several interacting water mole-
cules to enhance binding.
The water-induced promiscuity inherent in the Src SH2
domain interactions, and ignorance of the role of these
water molecules in dictating high-affinity binding, could
be largely responsible for previous failure to produce
viable peptidomimetic inhibitor compounds. Develop-
ment of drugs for such a permissive binding site is diffi-
cult, and it would appear that to incorporate the
specificity imparted by the network of water molecules
provides an additional challenge in this endeavour.
The determination of the number of bound water mole-
cules is important in understanding many biological
systems. The success of nanoflow ESI-MS methodology
in determining the numbers of bound water molecules
could be applied, not just to the elucidation of the effects
of interfacial water molecules in biomolecular interac-
tions, but more generally to investigations in structural
biology where quantification of the number of surface
bound waters is important (e.g. in structural refinement).
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Materials and methods
Protein expression and purification
The SH2 domain-containing segment of the src gene was cloned into a
pet3a vector for expression in Escherichia coli as previously described
[8]. This segment encodes 106 amino acids, which correspond to
residues 144–249 of the Src protein.
Tyrosine phosphopeptides
The phosphopeptides used in this study (Ac-EPQ(pY)EEXPIYL-NH2,
where X = I, E or V, and Ac-EPQ(pY)QPGEN-NH2) were synthesized
as described elsewhere [19]. Peptides were dissolved in the buffer
from the SH2 domain dialysis and the pH checked prior to titration.
Peptide concentrations were obtained both by mass and by using an
extinction coefficient obtained by quantitative amino acid analysis
(ε270 = 1990 M–1cm–1 and ε280 = 1680 M–1cm–1).
Nanoflow electrospray ionization mass spectrometry
All electrospray ionization mass spectrometry analyses were carried out
using a Platform II mass spectrometer (Micromass) fitted with a
nanoflow electrospray interface. Borosilicate glass capillaries were pre-
pared in-house and were broken under a microscope to give an orifice
size of <10 µm in diameter. The capillary was then gold plated for elec-
trical conductivity. An aliquot (1–3 µl) of protein sample at a concentra-
tion of 10 µM was loaded into the capillary. Tuning parameters were
optimized for the detection of a maximum amount of complex species
rather than a maximum signal intensity, and were kept constant in all
experiments (capillary voltage, 1.5 kV; cone voltage, 40 V; skimmer
offset, 5 V). The mass spectrometer was operated without source
heating. The nanoflow ESI mass spectra represent the average of eight
scans acquired in the range of m/z 600–2000, and were processed
with minimal smoothing.
Prior to MS analysis, all samples were lyophilized and then washed with
a centricon-10 concentrator (Amicon) five times to remove traces of
salt impurities, and the peptides were purified by high pressure liquid
chromatography (HPLC). The samples were dissolved in 100% water
at pH 5.0 buffered with formic acid to a concentration of 20 µM. The
concentrations were confirmed by amino acid analysis. In the individual
binding experiments the protein was mixed with each of the peptides in
turn in an equimolar ratio.
Using ESI-MS, an estimation of the number of water molecules that are
tightly bound to the SH2 domain binding site prior to complex forma-
tion can be achieved. In the mass spectra the peak with the greatest
intensity is that corresponding to the mass of the SH2 domain alone
(Figure 2). Other peaks with lower intensities are separated by an
average of 18 Da and are assigned to species containing different
numbers of water molecules (Figure 3). Thus, for example, in the spe-
cific peptide where pTyr+3 is isoleucine the water-bound peak with the
reproducibly greatest intensity is that corresponding to the mass of the
SH2 domain–peptide complex and three water molecules, suggesting
that these waters are more tightly bound than any others. This observa-
tion suggests that the method is capable of detecting discrete water
molecules that are interacting strongly with the protein and peptide.
From structural data it is possible to try to identify where these water
molecules might be situated.
Isothermal titration calorimetry
Isothermal titration calorimetric methodology has been described else-
where [27,28]. All calorimetric titrations were performed using a MCS
ITC (MicroCal Inc. Northampton, MA, USA). Dialysed solutions of
protein in 20 mM MES buffer (pH 6.0), 1mM dithiothreitol (DTT) and
50 mM NaCl were degassed for 15–30 min under vacuum prior to
experiments. In a typical titration 50–100 µM Src SH2 domain was
placed in the 1.3 ml reaction cell and 1.0–2.0 mM phosphopeptide
was loaded into the 250 µl injection syringe. All titrations were per-
formed at 25°C. Data were fit using the ORIGIN software as described
elsewhere [28] after removing the heats of dilution of the peptide and
the SH2 domain, which were determined in separate titrations.
Analysis of the energetics of water molecules
The program GRID [15] was employed to assess the energetic con-
tribution to binding for the crystallographically identified water mole-
cules. The energetic data is calculated for three potential forces:
Lennard–Jones, electrostatic and hydrogen bonding. In this work
data were obtained by taking each water position specified in the
crystal structure and assessing the potential energy from surrounding
groups (including other water molecules). Where two water mole-
cules interact with one another, the program allows free rotation of
both water molecules to adopt the most energetically favorable orien-
tation. Taking each individual water molecule, in the case where more
than two waters interact, the energetic contribution for each probe
molecule can differ  on the basis of the relative optimal position of the
other interacting waters. This means that, for example, when water
(1) is the probe water molecule its bond energy might be slightly dif-
ferent in interacting with water (2) than when assessed when water
(2) is the probe molecule as both may require a slightly different ori-
entation of water (3) for energy minimization. Where this occurs the
mean value of the bond energy was taken.
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